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Although statins display only minimal effects on systemic hypertension (11, 41) , recent evidence has suggested that these agents may be efficacious in treating pulmonary arterial hypertension (PAH). For instance, in rat models of PAH, statins attenuated the development of pulmonary hypertension (PH), pulmonary vascular remodeling, and right ventricular (RV) hypertrophy (RVH) (10, 34, 42) , and, in some reports, reversed established PH (35) . In rodents, statins may improve endothelial function by reversing lung endothelial nitric oxide (NO) synthase (eNOS) dysfunction during hypoxia-induced PAH (10, 33) or increasing lung eNOS expression during monocrotaline-induced PAH (15, 34) . A recent observational study (23) of adjunctive simvastatin therapy in patients with PH suggested functional improvements in symptoms.
We (6) recently reported a new model of PAH and pulmonary vascular remodeling: the male transgenic (mRen2)27 rat (the Ren2 rat). The Ren2 rat is a derivative of the Sprague-Dawley (SD) rat that expresses the mouse renin gene in extrarenal tissues, resulting in the increased local synthesis of ANG II via the local renin-angiotensin system (RAS) and ANG II-dependent hypertension and end organ damage. ANG II induces oxidative stress by stimulating ROS formation, which, in turn, promotes vasoconstriction, hypertrophy, fibrosis, and remodeling (12) . Multiple molecular complexes are known to generate superoxide, including NADPH oxidase (13) , xanthine oxidase (26) , the mitochondrial electron transport chain, and uncoupled NOS (3, 14) ; however, in the vasculature, the ANG IIinduced activation of NADPH oxidase is the major source of superoxide (12, 13) . In the Ren2 rat, we (6) reported that the lung expresses mouse renin and showed increases in intrapulmonary NADPH oxidase activity, superoxide, RV systolic pressure (RVSP), and pulmonary vascular remodeling. These data from experiments in the Ren2 rat support the concept that PAH can occur as a consequence of oxidative stress induced by the activation of the local RAS within the pulmonary vasculature and lung parenchyma. Whether other risk factors, such as left ventricular (LV) dysfunction or hypoxia, contribute to the development of PAH in the Ren2 rat are unknown. Given the multiple favorable effects of statins on the vasculature, including the potential to reduce oxidative stress, we sought to test whether treatment with a clinically available statin [e.g., rosuvastatin (RSV)] improves PAH and pulmonary vascular remodeling in the Ren2 rat.
MATERIALS AND METHODS
Animal care. Five-week-old male heterozygous transgenic Ren2 (n ϭ 26) and SD (n ϭ 26) rats were obtained from Carlos M. Ferrario (Wake Forest University School of Medicine, Winston-Salem, NC). In most instances, we received cohorts of SD and Ren2 rats that were littermates; however, to measure RVSP in recently weaned SD rats, we purchased five 4.5-wk-old SD rats from Harlan Laboratories. For the RSV experiments, animals were randomly distributed into the following groups: SD control (SDC; n ϭ 9), RSV-treated SD (SDR; n ϭ 8), Ren2 control (R2C; n ϭ 7), and RSV-treated Ren2 (R2R; n ϭ 7). Beginning at 6 wk of age, treated rats received daily RSV (10 mg/kg) by an intraperitoneal injection for a total of 21 days. As RSV was dissolved in saline, control rats received an intraperitoneal saline solution for 21 days. All procedures were approved in advance by the University of Missouri Institutional Animal Care and Use Committee, and animals were cared for in accordance with National Institutes of Health (NIH) guidelines.
In vivo cine MRI of LV function. To further characterize the Ren2 model of PAH and explore whether PAH is secondary to LV dysfunction, we examined LV diastolic and systolic function using in vivo cine MRI technique. Scans were performed on anesthetized (1-3.5% isoflurane) Ren2 and SD littermate controls at 8 -9 wk of age using a Varian 7T horizontal bore MRI (Varian, Palo Alto, CA). LV volume was determined with a modified ellipsoid equation using 14 images that were acquired at equal time intervals over the course of 1 cardiac cycle beginning at end diastole (27) . At each time point, the endocardial borders were traced using Image J software (NIH, Bethesda, MD). The individual tracing the borders was unaware of the treatment group. Volumes were calculated using the area/length method as per the American Society of Echocardiography (27) . The volumes were plotted, and systolic function [specifically, the ejection fraction (EF)] was measured as follows: EF ϭ (EDV Ϫ ESV)/EDV ϫ 100%, where EDV and ESV are end-diastolic and end-systolic volume, respectively. As an index of diastolic function, we calculated the rate of diastolic filling (slope of the early diastolic curve) normalized to EDV.
Surgical preparation and hemodynamic experiments. Hemodynamic experiments were performed on anesthetized and ventilated Ren2 and SD rats as previously described (6) . Briefly, a Millar Mikro-tip catheter was inserted into the jugular and passed into the RV to monitor RVSP, a surrogate marker of pulmonary artery systolic pressure. A fluid-filled catheter was placed in the right carotid artery to monitor systolic, diastolic, and mean arterial pressure (MAP) and heart rate. RVSP and MAP were recorded every 10 min for a period of 90 min to calculate an average for each variable.
Tissue preparation, morphometric analysis, and immunohistochemistry. After rats had been killed, 2-mm-thick cross-sectional slices harvested from the lower portion of the left lower lung lobe were immersed in neutral buffered formalin. Tissue samples were embedded in paraffin, and 5-m sections were mounted on glass slides and stained with Verhoeff vanGeison stain. Digital images of 20 -30 small pulmonary arteries/section (Ͻ200 m in diameter) were captured, and, with the aid of MetaVue image analysis software (Boyce Scientific, Gray Summit, MO), the areas of the media and lumen were calculated to determine the medial thickness of the small pulmonary arterioles. To evaluate the type of vascular remodeling that occurs in the Ren2 rat and the potential therapeutic responses to RSV, additional sections were immunolabeled for SMCs and endothelial cells using antibodies to ␣-smooth muscle actin antibody (MO851, Dako) and von Willibrand factor (sc-14014, Santa Cruz Biotechnology), respectively. To count cells in the medial layer of small pulmonary arterioles, sections were incubated with 4Ј,6-diamidino-2-phenylindole (DAPI) to stain cell nuclei. Immunofluorescence microscopy was performed as previously described (16) . Nuclei were counted on high-resolution images by a blinded observer. The levels of NADPH oxidase subunit proteins (NOX2 and Rac1) were also analyzed in pulmonary arterioles by semiquantitative immunohistochemistry as previously described (16) .
RT-PCR. Semiquantitative RT-PCR was used to evaluate the transcript expression of the angiotensin type 1 receptor (AT 1R), angiotensinogen, angiotensin-converting enzyme (ACE), eNOS, inducible NOS (iNOS), neuronal NOS (nNOS), and GAPDH in lung RNA extracts. The tissue preparation, extraction, PCR conditions, and densitometric analysis were as previously described (6) . Oligonucleotide primer sequences were designed in accordance with published rat DNA sequences and are shown in Table 1 . Primers were purchased from Integrated DNA Technologies.
Western and slot-blot analyses. Primary antibodies to von Willibrand factor (sc-14014), NOX2 (sc-5827), eNOS (sc-654), and iNOS (sc-7271) were purchased from Santa Cruz Biotechnology. An antibody to ␣-smooth muscle actin was purchased from Dako (MO851). An antibody to Rac1 (05-389) was purchased from Upstate Biotechnology. A primary antibody to 3-nitrotyrosine was purchased from Chemicon (AB5411). Appropriate secondary antibodies were from Jackson ImmunoResearch. Whole lung protein extracts were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Membranes were subdivided so that each protein of interest and ␤-actin could be analyzed from a single transfer. Membranes were incubated in blocking buffer for 1 h [PBS-Tween 20 (PBST) containing 5% nonfat dry milk] and incubated in primary antibody overnight at 4°C in PBST containing 3% nonfat dry milk and sodium azide. Blots were washed in PBST and incubated for 1 h with the appropriate secondary antibody. After a thorough wash in PBST, signals were detected by chemiluminescence (Super Signal West Pico Chemiluminescent Kit, catalog no. 34080, Thermo Scientifice), and images were recorded using a Bio-Rad ChemiDoc XRS imageanalysis system (Bio-Rad Laboratories, Hercules, CA). Quantitation of protein band density, normalized to ␤-actin band density, was performed using Quantity One software (Bio-Rad Laboratories). Data are reported as normalized protein band density (in arbitrary units).
Additionally, immunoblot analysis to detect protein nitration was performed using a slot blot rather than SDS-PAGE. This method allowed us to detect and quantify signals from one band rather than from an entire lane of separated protein. Whole lung protein extracts (50 g/slot) were vacuum transferred to a nitrocellulose filter. After being incubated in blocking buffer, the membrane was incubated with an antibody to 3-nitrotyrosine overnight, washed, incubated with secondary antibody for 1 h, and washed again. Detection and quantitation of bands were as described above except that 3-nitrotyrosine band densities were normalized to band densities of amido blackstained protein.
Lucigenin-enhanced chemiluminescence. Superoxide anions were measured via the lucigenin-enhanced chemiluminescence method as previously described (6) . Briefly, the assay was performed in duplicate on homogenates of fresh lung samples from the right middle lung lobe (ϳ200 mg wet wt each). Superoxide production was calculated as counts per milligram of fresh tissue for each sample after subtraction of the background activity.
NADP(H) oxidase activity in lung plasma membrane extracts. As previously described (6), aliquots of plasma membrane fractions containing 20 g protein were incubated with NADPH (100 mM) at 37°C. NADPH activity was determined by measuring the conversion of Radical Detector (Cayman Chemical) in the absence and presence of the NADPH inhibitor diphenylene iodonium sulfate (500 M) using spectrophotometric (450 nm) techniques. Initially, data were calculated as milli-optical density units per minute and normalized to the protein content of the sample. Because data were collected from several cohorts of rats and baseline NADPH oxidase activity in SDC rats varied between the cohorts, all data are expressed as a percentage of SDC within each cohort.
Measurement of nitrate and nitrite. To estimate the level of NO present in whole lung homogenates, we measured the sum of stable NO metabolites [nitrate and nitrite (NO x)] using a colorimetric assay kit (Cayman Chemical) that involves the Griess reaction. Nitrate concentrations in tissue extracts were measured after reducing all nitrates into nitrite using nitrate reductase. The absorbances were read at a wavelength of 540 nm on a microplate reader (Powerwave X, Bio-Tek Instruments), and NO x levels are expressed as micromoles per milligram of protein.
Statisical analysis. Results are reported as means Ϯ SE; n indicates the number of rats per treatment group. Differences in outcomes between vehicle-and RSV-treated SD and Ren2 rats were determined using two-way ANOVA. Post hoc comparisons were made using the Tukey-Kramer test and considered significant when P Ͻ 0.05. However, when we compared only outcomes between SD to Ren2 rats (e.g., Figs. 2 and 3), Student's t-test was used. NCSS 2007 (NCSS, Kaysville, UT) was used for all other statistical analysis except when noninferiority tests were conducted using a reverse experiment tester (Boss Statistics) (30) to determine if there were significant similarities between groups.
RESULTS
Characterization of PAH in Ren2 rats. RVSP was measured in 5-to 13-wk-old male SD and heterozygous Ren2 rats (Fig. 1) . The mean RVSP of 4.7-wk-old Ren2 rats was equal to SDC rats, but in Ren2 rats between 7 and 13 wk of age RVSP was 56 Ϯ 3 mmHg, indicating that the pressure progressed from a normal range to sustained PAH between 5 and 7 wk of age. Regression lines for both strains indicated little change in RVSP between 7 and 13 wk of age.
To exlude the possibility that PAH in the Ren2 rat is secondary to either LV dysfunction or hypoxia, we measured LV diastolic and systolic function using in vivo cine MRI and blood gases. No differences in LV diastolic (diastolic filling rate/EDV) or systolic (EF) function were apparent between 8-wk-old Ren2 and SD rats (Fig. 2) . A noninferiority test indicated that EFs of SD and Ren2 rats were significantly similar (power ϭ 0.842). Similarity could not be confirmed for diastolic filling rate/EDV. Representative video clips of cine MRI from a SD rat and a Ren2 rat are available online (Supplemental Fig. 1 ).
1 Although no differences were found in ventricular function, the LV had already begun to hypertrophy by 8 wk of age in the Ren2 rat, and this was visable in the cine MRI. Blood gases of 12-wk-old Ren2 and SD rats were measured on arterial blood samples withdrawn from the carotid catheter using an iSTAT blood gas analyzer. The arterial PO 2 was similar between Ren2 and SD rats (121 and 125 mmHg, respectively), suggesting that Ren2 rats are not hypoxemic.
mRNA transcript levels of the RAS were generally increased in the Ren2 rat compared with the SD rat (Fig. 3) . AT 1 R and angiotensinogen were significantly increased in the Ren2 rat (P Ͻ 0.01 and 0.05, respectively), whereas ACE was not. These data support our previous results (6) showing that the Ren2 rat has increased ANG II signaling within the lungs and indicate that the Ren2 rat has an intrapulmonary RAS.
Effects of RSV on PAH. To test the hypothesis that RSV reduces PAH, we measured RVSP in anesthetized and ventilated 9-wk-old male SD and Ren2 rats. Figure 4 shows the RVSP (means Ϯ SE) and MAP of control and RSV-treated Ren2 and SD rats. The Tukey-Kramer post hoc comparison indicated that the RVSP of R2C rats was elevated compared with SDC rats (P Ͻ 0.001). RVSP in R2R rats was significantly lower compared with R2C rats (P Ͻ 0.001) but was not different from SDC rats (P Ͼ 0.05). RVSP in SDR rats (n ϭ 8) was significantly similar to SDC rats (36 Ϯ 2 vs. 36 Ϯ 1 mmHg, power ϭ 0.93). Maximum RV dP/dt, a measure of the maximum rate of increase in RV pressure over time and an indicator of RV contractility, was elevated in Ren2 rats versus SD rats, and RV dP/dt max decreased with RSV treatment in Ren2 rats (P Ͻ 0.05; Table 2 ). Similar trends were observed for RV dP/dt min , an indicator of RV relaxation (Table 2) . Two-way ANOVA could only detect a significant strain effect with regard to MAP (P Ͻ 0.05). Consistent with previous reports, MAP was elevated in male R2C rats compared with SDC rats (P Ͻ 0.001). RSV had no effect on MAP (P Ͼ 0.05): SDC rats compared with SDR rats were significantly similar (power ϭ 0.99), and R2C rats were similar to R2R rats (power ϭ 0.753).
Effects of RSV on LV hypertrophy, RVH, and heart rate. We (6) have previously reported LV hypertrophy (LVH), but not RVH, in 9-wk-old male Ren2 rats. In this study, we report similar findings in R2C rats compared with SDC rats (Table 2) . Two-way ANOVA demonstrated significant strain and treatment effects for the LV ϩ septum-to-body weight ratio (P Ͻ 0.05), indicating LVH in the Ren2 rats, as well as slightly greater LVH with RSV treatment. It should be noted that because the Ren2 rat exhibits LVH, the conventional use of the Fulton index to measure RVH [RV/(LV ϩ septum)] would be misleading. Two-way ANOVA indicated that Ren2 rats had an elevated heart rate, as indicated by a significant strain effect (Table 2) . Post hoc tests confirmed that the heart rate was only elevated in the R2C and R2R groups compared with the SDR group but not compared with the SDC group ( Table 2) .
Effects of RSV on pulmonary vascular remodeling. We (6) have previously reported medial thickening with concomitant luminal occlusion in the small pulmonary arteries of the Ren2 rat. Herein, we report similar findings. Representative sections of pulmonary arterioles indicated medial thickening in R2C rats compared with SDC, SDR, and R2R rats (Fig. 5, A-D) . Post hoc tests confirmed medial layer thickening in R2C rats compared with SDC rats and normalization with RSV treatment (P Ͻ 0.05; Fig. 5E ). Immunostaining with an antibody to ␣-smooth muscle actin (Fig. 5, F-I ) indicated that the thickened medial layer of the pulmonary arterioles of Ren2 rats is comprised predominantly of SMCs (Fig. 5H) . Also, the staining of the endothelial layer with an antibody to vonWillibrand Factor (Fig. 5, F-I) did not indicate that arteriolar wall thickening involved intimal hyperplasia of Ren2 arterioles (Fig.  5H ). To test whether there was SMC proliferation or hypertrophy in the Ren2 rat, we counted the number of nuclei within cross sections of the pulmonary arteriolar medial layer via DAPI staining. Representative images are shown in Fig. 5 , J-M; the nuclei count for each of these images was SDC ϭ 29 (J), SDR ϭ 28 (K), R2C ϭ 65 (L), and R2R ϭ 35 (M). The average total number of cells per cross section of small pulmonary arterioles of the R2C group was greater (P Ͻ 0.05) than in the SDC, SDR, and R2R groups (Fig. 5N) ; however, the cell number per unit cross-sectional area of arteriolar wall did not change among treated and untreated SD and Ren2 rats (Fig.  5O) . This result suggests proliferation rather than hypertrophy as a mechanism for medial thickening. The normalization of cell number in the R2R group suggests that RSV inhibits cell proliferation.
Effects of RSV on lung 3-nitrotyrosine content. Lung 3-nitrotyrosine content, a marker of peroxynitrite, was evaluated by immunohistochemistry (Fig. 6, A-D) , and the images were analyzed for staining intensity (Fig. 6E) . Lung 3-nitrotyrosine content was significantly higher in R2C rats compared with SDC rats (P Ͻ 0.001), and treatment with RSV attenuated the increase in R2R rats (P Ͻ 0.001; Fig. 6E ). To validate the immunostaining result, an immunoblot assay was performed using a slot blot (Fig. 6F) . Two-way ANOVA demonstrated significant strain and interaction effects for 3-nitrotyrosine content (P Ͻ 0.05). Nitrotyrosine levels in the R2R lung did not differ from either SDC or R2C lungs, indicating a partial reduction in 3-nitrotyrosine with RSV treatment.
Effects of RSV on superoxide, NADPH oxidase activity, and NO x . Estimates of superoxide levels were evaluated by the lucigenin chemiluminescence assay (Fig. 7A) . Although main effects were not significant using two-way ANOVA, lung superoxide levels tended to be higher in the R2C group compared with the SDC group (168 Ϯ 23% vs. 100 Ϯ 14%, P ϭ 0.0505). Adjustment of the significance cutoff of the two-way ANOVA to ␣ ϭ 0.051 yielded a significant strain effect, indicating greater superoxide levels in Ren2 lungs compared with SD lungs. RSV tended to blunt superoxide in the R2R group compared with the R2C group (117 Ϯ 16% vs. 168 Ϯ 23%). To confirm these results, NADPH oxidase activity was measured. NADPH oxidase activity was significantly higher in lung plasma membrane extracts of the R2C group compared with the SDC group (P Ͻ 0.001; Fig. 7B ), and treatment with RSV attenuated the increased enzyme activity in the R2R group (P Ͻ 0.05). NO levels were evaluated by the Griess assay, which detects NO x (Fig. 7C) . NO x was greater in the R2C group than the SDC, SDR, and R2R groups (P Ͻ 0.05 for each paired comparison; Fig. 7C) .
Effects of RSV on intrapulmonary expression of NOX2 and Rac1. To examine the effects of RSV on the intrapulmonary expression of NADPH oxidase subunits NOX2 and Rac1, we performed semiquantitative immunohistochemical analyses targeted to small pulmonary arteries. Signal intensities of Rac1 and NOX2 (P Ͻ 0.05), normalized to the surface area of the vascular wall, i.e., the area between the outer elastic lamina and luminal interface, were increased in small pulmonary arteries of the R2C group compared with the SDC group (Supplemental Fig. 2) . RSV had no effect on the expression of these two proteins in either rat strain. In contrast, an immunoblot analysis of whole lung homogenates did not detect differences in the protein expression of NOX2 or Rac1 among all groups (Supplemental Fig. 2) .
Effects of RSV on lung NOS expression. Since the increased nitrotyrosine requires NO as well as superoxide, NOS isoform expression was examined by immunoblot analysis and RT-PCR on whole lung homogenates. eNOS transcript levels, normalized to GAPDH transcript levels, were significantly elevated in the R2C group compared with the SDR and R2R groups (P Ͻ 0.05; Fig. 8A ) and tended to be higher in the R2C group compared with the SDC group. Lung eNOS protein, normalized to ␤-actin and expressed as arbitrary units (Fig.  8B) , was significantly increased in the R2C group compared with the SDC group (P Ͻ 0.05). The R2R group had lower eNOS protein than the R2C group (P Ͻ 0.001) as well as lower eNOS protein compared with the SDC group (P Ͻ 0.05). iNOS transcript levels were more variable among the four treatment groups, and, as a consequence, we could not detect significant changes overall (Fig. 8C) . However, iNOS protein levels were nearly undetectable in all groups (Fig. 8D) . nNOS transcript levels were very low compared with eNOS and iNOS levels. nNOS was barely detectable in the R2R group and, as such, was significantly lower than in the R2C group (P Ͻ 0.05; Fig.  8E ). Given the low transcript levels of nNOS, we did not probe for nNOS protein.
DISCUSSION
There were three major findings of this study. First, treatment of heterozygous male transgenic Ren2 rats with RSV prevented the development of PAH. Second, Ren2 rats begin to develop PAH between 5 and 7 wk of age, and, although there were the beginnings of LVH, LV systolic and diastolic func- Fig. 7 . Effects of RSV on ROS and nitric oxide (NO) production in the lungs of SD and Ren2 rats. A: lucigenin was used to measure superoxide (O 2 Ϫ ) from fresh lung samples. B: NADPH oxidase-specific assays were also preformed (n Ն 7). C: the sum of stable NO metabolites [nitrate and nitrite (NOx)] was measured in lung homogenates via the Griess reaction (n Ն 5). Significant differences were determined via ANOVA with a Tukey-Kramer post hoc test. *P Ͻ 0.05, SDC vs. R2C;
⍀ P Ͻ 0.05, SDR vs. R2C; ‡P Ͻ 0.05, R2C vs. R2R. , and R2R (D) rats stained for 3-NTY. E: average grayscale intensity (ϮSE) of the 3-NTY immunostaining (n ϭ 4). F: representative lanes from a slot blot of whole lung homogenates probed for 3-NTY and normalized to total protein by amido black staining are shown over a histogram quantifying 3-NTY (n Ն 4). Significant differences were determined via ANOVA with a Tukey-Kramer post hoc test. *P Ͻ 0.05, SDC vs. R2C; ⍀ P Ͻ 0.05, SDR vs. R2C; ‡P Ͻ 0.05, R2C vs. R2R. tion as well as arterial blood gases were normal. Third, in addition to expressing the mouse renin gene (6), lungs of the Ren2 rat also have elevated expression of other RAS components, such as the AT 1 R and angiotensinogen. These findings suggests that the Ren2 model of PAH is not secondary to left heart disease or hypoxia and is likely due to an activated intrapulmonary RAS.
We and others have shown that the Ren2 rat is characterized by increased local synthesis of ANG II (2), which promotes NADPH oxidase-mediated oxidative stress (6, 16, 40, 50 -54) . We (6) have recently reported that the lungs of the Ren2 rat exhibit increased superoxide levels in concert with elevations in NADPH oxidase activity and the expression of NOX2 and Rac1. Thus, our previous work supports the hypothesis that oxidative stress plays a role in the development of PAH in the Ren2 model, similar to other models of PH (8, 14, 17, 19, 22) . In this study, we report that the in vivo administration of RSV attenuates PAH and pulmonary vascular remodeling in the Ren2 rat. It is important to note that in this study and a previous report (16) we have shown that RSV fails to reduce systemic hypertension in the Ren2 rat. Additionally, RSV did not reduce LVH, suggesting that the early LVH is most likely due to blood pressure, which was not altered by RSV. This is consistent with a recent report (4) showing that RSV does not ameliorate hypertension-induced LVH and has limited value in the treatment of progressing heart failure. Thus, the beneficial effects of Fig. 8 . Effects of RSV on pulmonary NO synthase (NOS) isoform expression in SD and Ren2 rats. A-E: pulmonary mRNA and protein were examined via RT-PCR (A, C, and E) and Westen blot analysis (B and D), respectively, for endothelial NOS (eNOS; A and B), inducible NOS (iNOS; C and D), and neuronal NOS (nNOS; E). All analyses were conducted on the same gel/blot; representative blots are shown above each histogram except for nNOS, which was barely detectable, and aligned to match the labels for the histogram (n Ն 3). Significant differences were determined via ANOVA with a TukeyKramer post hoc test. *P Ͻ 0.05, SDC vs. R2C; #P Ͻ 0.05, SDC vs. SDR; §P Ͻ 0.05, SDC vs. R2R;
⍀ P Ͻ 0.05, SDR vs. R2C; ‡P Ͻ 0.05, R2C vs. R2R.
RSV seen in this study may result from direct actions within the lung and/or vascular wall of the pulmonary circulation. To that end, we show that RSV blunts protein nitration, and this is likely due to the suppression of peroxynitrite formation. In support of this, the lungs of RSV-treated rats have more normal levels of both NO and superoxide, which could directly result in lower levels of 3-nitrotyrosine, as observed.
ROS in animal models of PH. The Ren2 rat exhibits the two principal pathological features in the pulmonary vasculature common to most forms of PH, which include excessive vasoconstriction and remodeling of the pulmonary arteriolar wall, primarily by a mechanism of SMC proliferation within the medial layer. ROS may promote vasoconstriction and vascular remodeling and, thus, may play a critical role in many forms of PH. In a mouse model of chronic hypoxia-induced PH (CH-PH), intrapulmonary artery superoxide levels were elevated (19, 32) . Moreover, the pathological changes associated with exposure to chronic hypoxia, i.e., increased intrapulmonary artery superoxide, increased pulmonary artery pressure, RVH, and pulmonary vascular remodeling, are abolished in NOX2 knockout mice, demonstrating a critical role for superoxide generated by NOX2-containing NADPH oxidases (32) . The rat monocrotaline model of PAH is also characterized by elevated intrapulmonary superoxide, which can be ameliorated by intratracheal gene transfer of the superoxide scavenger extracellular SOD (22) . Whether the intrapulmonary oxidative stress in the monocrotaline model is due to NADPH oxidase-induced superoxide synthesis, other superoxide-generating systems, or deficiencies in antioxidant capacity, alone or in combination, is uncertain at this point. In two lamb models of persistent PH of the newborn caused by either prenatal placement of an aortopulmonary shunt (14) or ductal ligation (1), superoxide levels became elevated in pulmonary arterioles. Superoxide is the primary oxidant responsible for oxidative stress in these models and is derived mainly from NADPH oxidase and secondarily from uncoupled eNOS. Thus, it is increasingly apparent that the activation of intrapulmonary superoxide-generating systems, especially NADPH oxidases, play a key role in the development of diverse forms of PH, including the Ren2 rat.
Many of the therapeutic benefits of statins in the vasculature are the likely consequence of reduced synthesis of superoxide, which could result in more positive regulation of cell proliferation, apoptosis, growth, migration, inflammation, extracellular matrix synthesis and degradation, differentiation, and contraction (5) . Statins are associated with the decreased expression of some of the NADPH oxidase subunit mRNAs and proteins as well as the increased expression of antioxidants, such as catalase (49) or heme oxygenase-1 (20) . Indeed, most statins, including RSV, increase lung heme oxygenase activity in adult mice (20) . We have recently reported that RSV decreases the expression of the NADPH oxidase subunit proteins NOX2, p22 phox , p40 phox , and Rac1 in the Ren2 myocardium. Given the potential of statins to reduce oxidative stress and the associated downstream consequences, this class of drugs would be expected to be beneficial for the treatment of PAH. In this study, we showed that the elevated activity of NADPH oxidase, the increased nitrotyrosine content, and increased superoxide and NO in the Ren2 lung are normalized after treatment with RSV. Unlike the Ren2 myocardium, the antioxidant properties of statins in the lung do not appear to result from decreases in the protein expression of NOX2 or Rac1. It is likely that the decrease in intrapulmonary NADPH oxidase activity observed in the Ren2 rat treated with RSV is due to blocking Rac1 geranylation and consequently reducing the ability of Rac1 to translocate to the membrane and signal properly (28, 44, 48) . Further studies are required to support the role of Rac1 geranylation in this model.
Efficacy of statins in PH.
Recent evidence from other rat models of PAH have also demonstrated the efficacy of statins for the treatment of PH. Simvastatin attenuates the development of PH, pulmonary vascular remodeling, and RVH in rats with CH-PH (10), and similar results were obtained with rosuvastatin in the rat monocrotaline model of PAH (42) . Simvastatin also reverses a more severe form of PAH caused by the combination of monocrotaline plus pneumonectomy (35) . Whether simvastatin or RSV reduced oxidative stress in these rodent models of PH was not examined. It would also be of value to test whether other commonly prescribed statins are as effective at reducing PH as simvastatin and RSV. A recent observational study (23) of adjunctive simvastatin therapy in patients with PH suggested functional improvements in symptoms. These encouraging animal and human studies warrant further clinical studies to test the efficacy of adjunctive statin therapy for the treatment of PH.
Statins exhibit multiple beneficial effects in the vasculature (for a review, see Ref. 43 ). One such effect is to improve endothelial function by improving the function of eNOS. The end product of eNOS activity, NO, protects the vasculature by promoting vasodilation and inhibiting platelet aggregation, leukocyte adhesion, and SMC proliferation. Thus, factors that limit the synthesis or bioavailabilty of the NO effect on endothelial function are of potential significance in the development of PH. Unlike the systemic vasculature, the basal synthesis of NO in the pulmonary vasculature of healthy rats is low and may be of little physiological importance in regulating the normally low tone in the pulmonary vasculature (for reviews, see Refs. 7 and 18). Multiple lines of evidence suggest that NO synthesis within the pulmonary vasculature increases with the development of pulmonary hypertensive states (9, 21, 37, 46) to offset the effects of increasing levels of potent vasoconstrictors such as endothelin-1 and ANG II. In fact, ANG II stimulates increased expression of eNOS and NO synthesis in pulmonary artery endothelial cells but not in coronary artery endothelial cells (38) . These effects are mediated through angiotensin type 2 receptors and downstream activation of the ERK1/2 pathway (31). Thus, we speculate that in the Ren2 model, an activated intrapulmonary RAS promotes eNOS expression and NO synthesis. It should be noted that the observed increase in NO x in the Ren2 lung also reflects an increase in peroxynitrite, which is formed when superoxide combines with NO, because peroxynitrite decomposes into nitrite. Given the high level of oxidative stress in the Ren2 lung, it is likely that some of the increased NO x detected in the Ren2 lung represents peroxynitrite formation. The increased 3-nitrotyrosine immunostaining in the Ren2 lung supports the notion that peroxynitrite formation is increased in the Ren2 lung.
Interestingly, RSV therapy normalizes, rather than increases, eNOS expression and NO synthesis in the Ren2 rat, a result that may seem counterintuitive. Indeed, statins have been reported to enhance eNOS expression in monocrotaline-induced PH, where eNOS protein becomes deficient (15, 34) . On the other hand, in established CH-PH, where eNOS expression increases, statin therapy reduces eNOS expression while enhancing NO synthesis (33) . In CH-PH, statins enhance eNOS activity by decreasing eNOS coupling with caveolin-1, increasing interactions with heat shock protein 90, and increasing the phosphorylation of eNOS at Ser 1177 (33) . Despite decreases in eNOS protein after RSV treatment in both the SD and Ren2 lung, NO production is maintained at the same level as in the SDC lung. Thus, we speculate that the therapeutic effects of RSV in the Ren2 lung are related to reduced scavenging of NO by NADPH oxidase-generated superoxide as well as by the enhancement of posttranslational modifications that lead to balancing the reduced expression of eNOS protein with an increase in eNOS activity resulting in normal NO synthesis. This scenario would also result in less decoupling of eNOS, which is a potent source of superoxide. Further study is needed to determine whether statins regulate eNOS activity in the Ren2 lung through alterations in posttranslational modifications. It should be noted that the Ren2 rat is not hypoxemic, so any similarities in eNOS protein expression with the CH-PH rat are not due to hypoxia in the Ren2 rat.
It is intriguing that RSV reduced pulmonary but not systemic pressure in the Ren2 rat. In a previous study (16) using the same dose and duration of treatment of RSV, we also failed to detect a decrease in systemic blood pressure in 9-wk-old hypertensive male Ren2 rats. In humans, a meta-analysis of 20 clinical trials showed a small but statistically significant reduction in systolic pressure and a trend toward reduced diastolic blood pressure with statin treatment. Few studies have directly examined whether statins lower blood pressure in hypertensive rats. In one study (24) , a high dose of atorvastatin (50 mg⅐kg Ϫ1 ⅐day Ϫ1 for 30 days) decreased systolic blood pressure in stroke-prone spontaneously hypertensive rats, in part, by decreasing sympathetic nervous system activity (24). Whether higher doses or a longer period of treatment with RSV could lower systemic blood pressure in Ren2 rats or in other rodent models of hypertension is unknown. Additionally, it is not clear that statins reduce blood pressure in all forms of hypertension. Thus, in the Ren2 rat, statins may be ineffective at lowering blood pressure.
In this study, we showed that pulmonary arterioles of Ren2 rats have a thickened medial layer due to an increase in number, but not density, of SMCs (Fig. 5, N and O) . This raises the question of whether RSV directly inhibits SMC proliferation in the pulmonary vasculature. It has been established that statins inhibit SMC proliferation by inhibiting Rho (29) and that Rho kinase inhibitors ameliorate PH (36) . Indeed, simvistatin reduces the proliferation and increases the apoptosis of neointimal and medial SMCs in pulmonary arteries or rats with PAH (35). Thus, it is possible that RSV prevented the medial thickening of pulmonary arterioles, in part, by reducing Rhodependent SMC proliferation. More study is needed to determine the specific mechanism of RSV action on proliferation and apoptosis in SMCs in pulmonary arterioles.
In conclusion, this study extends the results of our recent report that proposed that an activated intrapulmonary RAS promotes ANG II-induced NADPH oxidase-mediated oxidative stress leading to PAH and pulmonary vascular remodeling in male heterozygous transgenic Ren2 rats. In the previous study, we verified the intrapulmonary expression of the murine renin transgene, and, here, we show that the Ren2 lung exhibits an increased expression of additional RAS genes, e.g., AT 1 R and angiotensinogen, important for local ANG II synthesis. Importantly, we confirm that the underlying cause of PAH in the Ren2 model cannot be attributed specifically to LV dysfunction or hypoxia, which are common risk factors for PH. Herein, we observed elevated levels of 3-nitrotyrosine in the lungs of Ren2 rats. We also observed elevated NADPH oxidase activity and superoxide levels as well as increased eNOS expression and total NO x , an estimate of NO levels. The increased levels of superoxide and NO could lead to the formation of pathological levels of peroxynitrite, which likely explains the observed high levels of 3-nitrotyrosine in the lung. Treatment with RSV ameliorated PAH and pulmonary vascular remodeling, and this was associated with the normalization of lung 3-nitrotyrosine, superoxide, and NO. Thus, the salutary effects of RSV may be related to the beneficial regulation of NADPH oxidase and eNOS, which results in reduced oxidative stress and protein nitration. This supports previous clinical data (23) showing that statins may be beneficial in the treatment of PAH.
